Dear Editor,
The appearance of phosphatidylserine (PS) on the cell surface is one of the hallmarks of the early/intermediate stages of cell apoptosis, and is believed to occur prior to DNA fragmentation, morphological changes, and plasma membrane permeabilization. 1 The clearest assessment of cell apoptosis is gained from microscopy or flow cytometry analyses that examine large cell populations and identify and quantify subpopulations. A common method of detecting PS on a cell surface is to use the PS-binding protein annexin V. 2, 3 This 35 kDa protein is typically labeled with a fluorescent dye, often fluorescein because it can be conveniently excited by an argon laser. Although annexin V is a useful reagent, it is an expensive protein, and there are some technical drawbacks. One concern is that up to 2.5 mM of extracellular Ca 2 þ may be needed for complete membrane binding. This can lead to false-positive results because most animal cells have a Ca 2 þ -dependent scramblase that can move PS to the cell surface. In addition, annexin V is known to associate with membrane surfaces that contain the by-products of lipid peroxidation. 4 Furthermore, complete annexin binding requires incubations times of up to 1 h, which is problematic for kinetic assays. 5 In summary, dye-labeled annexin V is used extensively as a PS-sensing reagent, but there is a need for a low-molecular-weight mimic that can sense PS-rich membranes rapidly and independently of Ca 2 þ levels. Inspection of an X-ray structure of annexin V bound to glycerophosphoserine shows that the phosphoserine head group can associate with one of the protein's four binding domains via two bridging calcium cations. 6 This binding mechanism raises the possibility that rationally designed coordination compounds containing two or more appropriately spaced metal dications may act as functional mimics of annexin V. Here, we report on the membrane-binding and fluorescence-sensing properties of PSS-380, an anthracene derivative with two zinc dipicolylamine groups ( Figure 1a ). PSS-380 was recently shown to bind phosphorylated compounds like phosphotyrosine in water with association constants around 10 7 M
À1
. 7 The strong association is due to the dianionic phosphate group coordinating simultaneously with the two zinc cations. These results suggested to us that PSS-380 may associate more strongly to the head groups of anionic phospholipids than to the head groups of zwitterionic phospholipids. In this letter, we show that PSS-380 can sense the presence of anionic phospholipids, especially PS, on the surface of vesicles and cells. In addition, we demonstrate the ability of PSS-380 to act as a fluorescent sensor of apoptotic cells.
The fluorescence emission of PSS-380 is unchanged if it is treated with zwitterionic phosphatidylcholine vesicles; however, there is a 10-fold increase in emission intensity upon the addition of anionic vesicles composed of 50 : 50 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine : 1-palmitoyl-2-oleoyl-snglycero-3-phosphoserine (POPC : POPS), and even vesicles containing 5 mol% of POPS produce a four-fold rise in fluorescence emission (Figure 1b) . Both of the zinc dipicolylamine groups in PSS-380 are necessary for the efficient detection of PS-enriched vesicles because treatment of AZD, a control analogue that lacks one of the zinc dipicolylamine groups, with excess POPC : POPS (50 : 50) vesicles produces very little enhancement in fluorescence.
We evaluated the ability of PSS-380 to detect cell apoptosis in three ways. First, we assessed whether PSS-380 could be used in a bulk fluorescence assay for apoptosis. We found that PSS-380 emission was on an average twice as intense (75%) in the presence of apoptotic Jurkat cells (apoptosis induced by the anticancer drug camptothecin) than in the presence of an equal number of live cells. Thus, cell apoptosis can be detected qualitatively using PSS-380 in a simple, single-well, bulk fluorescence assay. We next used fluorescence microscopy to evaluate if PSS-380 could identify live, apoptotic, and dead cells. Cell apoptosis was induced by treatment of various cell types (Jurkat, MCF7, HEK293, and HL60) with camptothecin or the calcium ionophore A23187. The drug-treated cells and -untreated control cells were subsequently stained with a mixture of annexin V-FITC (green), PSS-380 (blue), and 7-aminoactinomycin D (7AAD) (red). Figure 1c displays typical microscopic images produced using this method. Live cells are not stained by any of the dyes, whereas staining by 7AAD identifies dead cells with permeable membranes. Cells that are only stained by annexin V-FITC or PSS-380 are defined as apoptotic. Competition studies showed that PSS-380 can block annexin V-FITC binding, which is evidence that they are competing for the same cell surface binding sites. The most compelling evidence that PSS-380 and annexin V are detecting the same population of apoptotic cells was gained from flow cytometry analysis of HL60 cells that were treated with camptothecin. The two sets of data in Figure 1d (UV excitation
www.nature.com/cdd of PSS-380 and visible excitation of annexin V-FITC) lead to the same conclusion that 80-85% of the viable cells (identified because they are not stained by the vital cell dye propidium iodide (PI)) are apoptotic.
PSS-380 binding to apoptotic cells is almost instantaneous, and is not noticeably inhibited by the presence of Ca 2 þ . Furthermore, PSS-380 staining fades rapidly when the mixture is treated with 10 mM EDTA, confirming the critical role of the zinc atoms for cell binding, and also showing that the PSS-380 is not internalized by the cells. Tests were performed to establish the toxicity of PSS-380. Flow cytometry showed that exposure of Jurkat cells to 100 mM of PSS-380 for 1 h produced no change in cell viability, as judged by the lack of staining by PI.
In summary, the synthetic sensor PSS-380 appears to provide the same apoptosis detection information as annexin V, but it is easier to handle and store. Not only should PSS-380 be useful as an apoptosis sensor in cell biology research, it may also have utility in high-throughput assays for drug discovery, as well as automated monitoring of animal cell culture technology. 3 A potential technical drawback with PSS-380 is that it requires UV excitation, a feature that is presently not available on common flow cytometers. Our current research efforts are focused on making analogues of PSS-380 that have altered fluorescence properties. Low-molecular-weight annexin mimics may also have potential as apoptotic tissue imaging agents. 
